The oxidation of 1,3-butadiene/n-butanol flames was studied in a combined experimental and modeling work. The goal is to provide a detailed combustion chemistry model that allows for identification of the important pathways for butadiene and butanol oxidation as well as the formation of soot precursors and aromatics. Therefore, the chemical composition has been investigated for three low-pressure (20-30 torr) premixed flames, with different shares of butanol ranging between 25% to 75% compared to butadiene in 50% argon. Mole fraction profiles of reactants, products, and intermediates including C 3 H x and C 4 H x radicals as well as monoaromatics such as benzyl radicals, were measured quantitatively as a function of height above burner surface employing flame-sampled molecular-beam mass spectrometry (MB-MS) utilizing photoionization with tunable vacuum-ultraviolet synchrotron radiation. The comparison of measured species profiles with modeling results provides a comprehensive view of the reaction model's quality and predictive capability with respect to the combustion chemistry of 1,3-butadiene and n-butanol under the current low-pressure, high-temperature conditions. In general, a good agreement was found between experimental and modeled results. Reaction flux and sensitivity analysis were used to get more insight into the combustion of the fuel.
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Introduction
Over the last few years, global concerns over energy security and environmental degradation have resulted in a vital interest in the potential utilization of non-petroleum-based, i.e. bio-derived, fuels [1] [2] [3] [4] . Especially the combustion characteristic of n-butanol has recently received a lot of attention in the combustion community and much experimental and modeling work has been done. As all the earlier insights cannot be reviewed here, the reader is referred to the comprehensive review by Sarathy et al. [5] . In summary, it is fair to say that our understanding of the combustion chemistry of n-butanol has advanced significantly over the last years and combustion chemistry models with predominant predictive capabilities can be generated [6] [7] [8] [9] [10] [11] .
With this major accomplishment in mind and realizing that n-butanol is likely not to be used as a single-component fuel but rather will be entered into the market as a blend with traditional petroleum-based fuels, it is now time to move our research focus on understanding the combustion chemistry in flames fueled by hydrocarbon/n-butanol blends. To this end, we have experimentally and theoretically studied the reaction pathways in flames fueled by blends of 1,3-butadiene and n-butanol. The goal of this study is to provide mechanistic insights into how the addition of n-butanol affects the small molecule species pool.
1,3-Butadiene is an interesting choice for the hydrocarbon component because (a) as a small di-ene, it can be regarded as a representative for this class of compounds in more realistic fuels, and (b) its consumption pathways are expected to lead to intermediates that differ from the ones formed in n-butanol oxidation steps [7, 12] . For example, the i-C 4 H 5 and C 3 H 3 radicals, which are likely key intermediates in the formation of the so-called "first aromatic ring" [13] , are more readily formed in 1,3-butadiene than in n-butanol combustion processes. Generally speaking, none of the commonly considered precursor species, like C 3 H 3 , C 3 H 5 , i-C 4 H 5 , or C 5 H 5 , can be efficiently formed through n-butanol oxidation steps [6] , and therefore it is not surprising that the addition of n-butanol to hydrocarbon flames can lead to a reduced concentration of soot and its precursors [14] [15] [16] [17] . Such a trend is also observed in this study and the emphasis of this paper will be on how the small molecule chemistry changes based on the fuel blend composition and on the chemical insights gained from detailed kinetic modeling.
Experimental Procedures
In this paper, we report new experimental data in the form of isomer-resolved species Fig. 1 for m/z = 84 of Flame 2 (see Table 1 and next paragraph for flame conditions). Based on our calibration, the three peaks indicate contributions of C 4 H 4 O 2 , C 5 H 8 O, and C 6 H 12 isomers. It is immediately obvious that such a resolving capability is especially helpful when analyzing complex mixtures of oxygenated and hydrocarbon species as they can be expected in a mixture of 1,3-butadiene and n-butanol flames.
The detailed flame conditions are summarized in Table 1 . The gas flows of Ar, O 2 , and 1,3-butadiene were controlled with calibrated mass flow controllers and the flow of the n-butanol was metered by a syringe pump, evaporated, and added quantitatively into the gas stream. The C/O ratio was kept constant for all three flames (C/O = 0.5), thus resulting in slightly different stoichiometries.
Details of the experimental and data reduction procedures are sufficiently described in the literature [18] [19] [20] [21] [22] and are not repeated here. In short, we used a quartz probe and a differentially pumped vacuum system to sample gases from within the three different flames and then used quasi-continuous beam of synchrotron-generated vacuum-ultraviolet (VUV) photons in the energy range of 8-17 eV as means to effectively ionize the sampled flame constituents. In a first step, we scanned the photon energy at a fixed burner position, which allowed us to record socalled photoionization efficiency (PIE) curves which were used to identify most of the compounds based on their characteristic ionization energies and PIE curves. While this is a very powerful technique, we have to keep in mind that especially for larger m/z ratios, this approach can become very complicated when potentially more isomers need to be separated and their ionization energies and PIE curves are unknown [19, [23] [24] [25] .
Once the main components were all identified, we recorded mass spectra as a function of distance from the burner surface at fifteen different photon energies in order to provide the most reliable isomer-resolved mole fraction profiles possible. Mole fraction profiles of about 80 hydrocarbon and/or oxygenated species were determined for each flame. It is beyond the scope of this paper to discuss all profiles in detail and only a few will be discussed in the following Sections. However, all data, including the temperature profiles measured, are available in the Supplementary Material or from the corresponding author (NH) upon request. As outlined in more details in Ref. [25] , for most species' mole fractions an uncertainty of about 40% or less can be expected, but if the molecule's photoionization cross section is unknown even a larger error bar is conceivable. Uncertainties of ±20% are expected for the major species profiles.
However, this level of experimental accuracy is adequate for testing and developing kinetic models. With regards to the sampling position, we estimate the uncertainty to be within ±0.5 mm.
The temperature profiles were measured with laser-induced fluorescence (LIF) of the OH radical as described in Ref. [7] . Subsequently, the profiles were smoothed and used as input parameters in the modeling calculations. Concerning the accuracy of the temperature measurements, we estimate the uncertainty to be ±150 K in the postflame and reaction zones and somewhat larger in the preheat zone where the OH concentrations are much smaller and the concentration and temperature gradients are much steeper. Again, this accuracy is still good enough to draw mechanistic conclusions, as shown earlier by Dooley et al. [26] . However, no attempts were made to evaluate potentially crucial rate parameters that could be sensitive to this temperature uncertainty.
Combustion Chemistry Modeling
The combustion chemistry model presented in this study consists of 216 species connected via 1028 reactions. A DLR reaction model shown earlier to describe the oxidation of low-pressure propene and cyclopentene flames [27, 28] was further enlarged; for details about the mechanism, see [27, 29, 30] . To describe the oxidation of 1,3-butadiene, recent work concerning the interaction between C 4 H 6 isomers were revisited [31] . The details of the updates are not provided here and instead the interested readers are referred to the Supplementary Material. The sub-model describing the butanol oxidation was gathered from Dagaut et al. [32] and adopted to the pressure range of this study. This model was chosen because it had the necessary level of details without being too large. In the present work, we have adopted the rate coefficients of unimolecular reactions within the butanol subsystem from Dagaut et al., by reducing the A-factor by a constant factor of 4, with the value for the activation energy unchanged, to account for the pressure within the two studies. The full mechanism and all necessary parameters are given in the Supplementary Material.
Species profiles as a function of distance from the burner were calculated with the onedimensional code PREMIX [33] using the experimentally determined flame temperature as input parameters, besides initial mass flow rates and composition of the reactants, and the burner's diameter as further input data. Thermal diffusion (Soret effect) was included in the model calculations. The species transport was considered using the multicomponent transport model.
For the species involved, transport data were taken from the CHEMKIN transport database [34] , thermodynamic data from Ref. [35] or evaluated with group additivity rules [36] .
Results and Discussion
Insights into the reaction paths within these three flames can be gained from comparing the experimentally determined chemical structure of the flames with each other or from comparing them to the results of the model calculations. For the latter approach it is worth noting that besides the maximum mole fraction, the profile shapes and peak positions are also valuable for testing the quality of the reaction model. Such a comparison between experimental and modeling results provides a comprehensive view of the capabilities of the reaction model to predict the ongoing chemistry under the chosen conditions. Most predicted mole fraction profiles are in good agreement with the experimentally observed profiles, thus, allowing a reaction flux and sensitivity analysis to investigate the importance of consumption pathways of the educts.
Our main findings are discussed in the next paragraphs.
The comparison between predicted and measured major species profiles (H 2 , H 2 O, CO, O 2 , Ar, CO 2 , C 4 H 6 , n-butanol) is shown in Fig. 2 for Flame 2. Clearly, the model results match the major species profiles within the expected uncertainties. Similar levels of agreement were found for Flame 1 and Flame 3. Some discrepancies between experiment and model results occur near the burner surface, where probe perturbation and uncertainties of the temperature profiles are known to have some effects [37] . Furthermore, the model is also able to describe the formation and consumption of most C 1 , C 2 , and C 3 species. As an example, Fig. 3 shows the experimental and modeled mole fractions of CH 3 , C 2 H 4 , and C 3 H 4 (allene) for all three flames, and in general, these species' profiles are reproduced accurately by the model with respect to amount and shape. Somewhat larger discrepancies have been observed for ethane which is underpredicted by about a factor of four. We also note that differences in the peak mole fractions of CH 3 and C 2 H 4 (C 1 and C 2 species in general) exist between all three flames, in predictions and experiments, and that these differences are minor for the C 3 species. Indeed, allene mole fractions are almost the same for all three flames (both in model predictions and experimental results). A reason for this unexpected result cannot be provided at this point. Furthermore, a trend can be seen for mole fractions of C 2 and C 4 species. That is, C 2 species are more present in the flame containing more n-butanol (Flame 3), while C 4 intermediates (not shown) are present in higher abundances in Flame 1. This effect can probably be traced back to the different fuel-decomposition pathways. Also, the differences between measured and calculated mole fractions are larger for Flame 3, i.e. under a more fuel rich condition. These findings reflect the close relationship of CH x radicals and the chemistry of stable C 2 intermediates.
The reaction model used is also capable of describing the formation and consumption of acetylene (C 2 H 2 ), one of the most important molecules with respect to the formation of aromatic species and soot, and of vinyl (C 2 H 3 ) and ethyl (C 2 H 5 ) radicals, according to Fig. 4 . However, ethyl radicals are predicted to peak closer to the burner's surface than experimentally observed.
The C 4 H x (x=2-5) intermediates are direct oxidation products of 1,3-butadiene, as also revealed by reaction flux analysis visualized later, and not surprisingly, when this fuel is replaced with n-butanol, the concentration of these intermediates decreases as well. At the same time, mole fractions of n-butanol specific oxidation products, like butenols and butanal increase when n-butanol is added to a 1,3-butadiene flame. No example is shown explicitly in this paper and instead the focus is shifted on the formation of aromatic species, and their precursors, as C 4 H x species are known to be able to take part in the formation routes of benzene and phenyl [12] . overpredicted by more than an order of magnitude. Also, the predicted profile for C 4 H 5 seems to peak slightly earlier than observed in the experiment; the opposite is true for the C 3 H 3 radical.
Based on our previous work [12, 38] and the PIE curves measured in this study, it is expected that the resonance stabilized radicals i-C 4 H 5 , CH 3 Major oxygen-containing intermediates in the oxidation of the investigated flames are given in Fig. 6 , where experimental and calculated mole fraction profiles of two small aldehydes (formaldehyde -CH 2 O; acetaldehyde -CH 3 CHO) and an aromatic alcohol (phenol -C 6 H 5 OH) are plotted. In general, a good agreement is seen, with respect to height and shape, in particular for acetaldehyde and phenol, although the formaldehyde level is under predicted by up to a factor of two; in addition, its profile is predicted broader compared to the measured one. Concerning alcoholic molecules, the measured mole fractions of methanol are in the order of 4×10 -4 , with predictions even smaller. Ethanol (m/z = 46) was not observed in the experimental work.
A comparison of further one ring aromatics is depicted in Fig. 7 , for toluene (C 7 H 8 ), with about 20 ppm the highest concentrations, and benzyl radicals (C 7 H 7 ), and styrene (C 8 H 6 ), with peak concentrations measured up to about 2 ppm. In general, the simulated profiles are considerably smaller; thus indicating that the model has to be updated to better match the experimental results. For example, it is possible that the above mentioned CH 3 CHCCH, and CH 3 CCCH 2 radicals react with propargyl to form benzyl+H/toluene in a reaction similar to the C 3 H 3 +C 3 H 3 recombination. However, the relative ratio in the concentrations to each other is matched.
Reaction-path and sensitivity analysis were performed to identify the dominant mechanistic pathways for the consumption of the reactants of the fuel as well as for the formation and consumption of major intermediates and to see where more accurate rate coefficients might be required. The results for all flames will be discussed next.
The rate of production is shown in Fig. 8 recombination reaction leads to about 50% benzene formation, as the major pathway. In addition,
n-butadienyl radical in a reaction with acetylene is responsible for about 15-25% benzene formation. It was shown in Refs. [12, 40] 
Conclusions
In the present study, results of a combined modeling and experimental effort to study Comparison between experimental (symbols) and predicted (curves) species profiles in mole fraction of selected C 2 H x -species profiles of Flame 3: C 2 H 2 , C 2 H 3 , and C 2 H 5 radicals.
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